Ideal cell-free expression systems can theoretically emulate an in vivo cellular environment in a controlled in vitro platform.
Crude Cell Extract Preparation
Preparing crude cell extract over three days requires two people to conduct efficiently. The protocol functionally consists of three parts: culture growth (step 1.1 to step 1.11), cell lysis (step 1.12 to step 1.37), and extract clarification (step 1.38 to step 1.52). It is presented divided into days for convenience. Ideal extract can produce 0.75 mg/ml of deGFP from plasmid pBEST-OR2-OR1-Pr-UTR1-deGFP-T500 (Addgene #40019), and has a crude cell extract concentration between 27-30 mg/ml of protein. 4 However, extract characteristics vary from batch to batch. The following recipe supplies enough for approximately 3,000 single reactions (6 ml crude cell extract). If scaling down, it is recommended to use no less than 1/6 of values given here. Due to time constraints, scaling up is not recommended.
Day 1
1. Prepare bacterial culture media, culture plate, and media supplements as described in Table 1 . See Supplemental Material 1 for recipes. 2. Streak BL21-Rosetta2 strain from -80 °C onto a 2xYT+P+Cm agar plate and incubate for at least 15 hr at 37 °C or until colonies are readily visible. Note: Chloramphenicol (Cm) is used to select for a plasmid encoding rare tRNAs in the BL21-Rosetta2 strain.
Day 2
3. Prepare buffers and supplements as described in Table 2 . See Supplemental Material 1 for recipes. 4 . Prepare and sterilize materials required for day 3, including: 6 x 4 L Erlenmeyer flasks with aluminum foil cover (autoclaved), 4 x 1 L sterile centrifuge bottles, funnel (autoclaved), 100 g of 0.1 mm glass beads (autoclaved), 2 stir-bars (autoclaved), 1 L and 500 ml graduated cylinder (autoclaved), 2 x 1 L beakers (autoclaved), 3 ml syringe with 18 G needles (sterile), 2-3 float buoys, 2-3 10k MWCO dialysis cassettes (sterile), cuvettes. 5. Prepare mini-culture 1. Add 4 ml of 2xYT+P media and 4 μl of Cm to a 12 ml sterile culture tube and pre-warm to 37 °C for 30 min. 6 . Inoculate mini-culture 1 with a colony from the 2xYT+P+Cm agar plate. Incubate at 220 rpm, 37 °C for 8 hr. 7. 7 hr and 30 min later, prepare mini-culture 2. Add 50 ml of 2xYT+P media and 50 μl of Cm to a sterile 250 ml Erlenmeyer flask and pre-warm to 37 °C for 30 min. 8. Inoculate mini-culture 2 with 100 μl of mini-culture 1 and incubate at 220 rpm, 37 °C for 8 hr.
Day 3
9. Weigh four empty sterile 50 ml Falcon tubes and record mass in Table 3 . Chill Falcon tubes on ice; these will be subsequently used in step 1.18. 10. 7 hr and 30 min after step 1.8, prepare final bacterial culture media. Using a sterile 1 L graduated cylinder, transfer 660 ml of 2xYT+P media into each of six 4 L Erlenmeyer flasks and pre-warm to 37 °C for 30 min. Note: 4 L or larger Erlenmeyer flasks are recommended for proper aeration. 11. Add 6.6 ml of mini-culture 2 into each 4 L Erlenmeyer flask. Incubate at 220 rpm, 37 °C until the culture reaches an OD of 1.5-2.0 at 600 nm (corresponding to mid-log growth phase). Check OD periodically with a 1:10 culture dilution for accuracy. This step should take no more than 3 hr -3 hr 45 min; rapid growth and collection during mid-log phase is critical for extract quality. 12. Immediately after growth, transfer all cultures evenly into four 1 L centrifuge bottles and centrifuge at 5000 x g for 12 min at 4 °C to pellet bacterial cells. 13. While centrifuging, complete S30A buffer preparation by adding 4 ml of 1 M DTT to 2 L of previously prepared S30A. Mix and maintain buffer on ice. 14. When centrifuging is finished, completely remove supernatant from step 1.12 by decanting and blotting the centrifuge bottles on a sterile paper towel. 15. Add 200 ml of S30A buffer at 4 °C to each of the four centrifuge bottles, and shake the bottles vigorously until pellet is completely solubilized with no remaining clumps. Centrifuge the four bottles at 5,000 g for 12 min at 4 °C. 16. Completely remove supernatant from previous step by decanting and blotting the centrifuge bottles on a sterile paper towel. 17. Repeat steps 1.15 and 1.16. 18. Add 40 ml S30A buffer at 4 °C to each centrifuge bottle. Transfer each pellet and S30A combination into a chilled Falcon tube from 1.9). Note:
This step is to transfer the pellets into a smaller container. 19. Centrifuge the Falcon tubes at 2,000 g for 8 min at 4 °C. Remove supernatant by decanting. 20. Re-centrifuge the Falcon tubes at 2,000 g for 2 min at 4 °C. Completely remove residual supernatant by pipette. Keep on ice. 21. Weigh the four Falcon tubes with pellet and record mass in Table 3 . Calculate pellet mass, S30A buffer volume needed, and mass of beads needed based on the specific formulas in Table 3 . 22. Correct loading and bead beating of the pellet is critical to making quality extract, and is the most challenging step. It is recommended to review the video before attempting. Failure to avoid air bubbles and distribute beads evenly will result in inefficient extract. 23 . Add the amount of S30A buffer calculated in Table 3 to each Falcon tube, vortex until homogenous, and return to ice. (Figure 3e) . Add a new bead-beating cap, flat-part face up, to the bottom of a 15 ml Falcon. Then, remove cap from processed bead-beating tube and press micro-chromatography column firmly onto end of processed beadbeating tube until completely sealed. Snap off elution end of micro-chromatography column, and place micro-chromatography column, elution end down, into empty bead-beading tube. Place this complex into 15 ml Falcon. Repeat for all 8 filled bead-beating tubes; keep on ice when complete. 37. Centrifuge 8 filter apparatuses, Falcon tube uncapped, at 6,000 g for 5 min at 4 °C to separate extract and pellet from beads. 38. Verify each bead-beating tube has produced viable extract. Properly beat extract will not be turbid, and the pellet will have two distinct layers. Discard all turbid tubes, and transfer the supernatant from non-turbid tubes into individual 1.75 ml micro-centrifuge tubes, taking as little pellet as possible. Keep on ice until all bead-beating tubes have been processed. See Figure 3f comparing a correctly vs. incorrectly processed bead-beating tube. 39. Centrifuge micro-centrifuge tubes from previous step at 12,000 g for 10 min at 4 °C. 40. Transfer pellet-free supernatant into empty bead-beating tubes using a pipet, consolidating 500 μl into a new bead-beating tube. 41. Incubate previous step, with bead-beating caps removed, at 220 rpm, 37 °C for 80 min. This step digests remaining nucleic acids using endogenous exonucleases released during the bead-beading process, and can be done by standing the bead-beating tube up in a tissue culture tube. 42. Prepare dialysis materials. Complete S30B buffer preparation by adding 2 ml of 1 M DTT to 2 L of previously prepared S30B. Mix and add 900 ml into each of two sterile 1 L beakers. Add sterile magnetic stirrer into each beaker; keep at 4 °C. 43. After step 1.41, extract should look turbid. Consolidate extract into 1.5 ml aliquots in 1.75 ml micro-centrifuge tubes, and centrifuge at 12000 g for 10 min at 4 °C. 44. Using a pipet, consolidate pellet-free supernatant into 15 ml Falcon tubes on ice, and mix well by capping the tube and inverting. Save 10 μl of supernatant on ice for step 1.47. 45. Determine total amount of extract produced, and hydrate the necessary number of 10k MWCO dialysis cassettes by submersing in S30B for 2 min, assuming 2.5 ml of extract per cassette. 46. Load cassettes with 2.5 ml of extract. Each beaker can take up to 2 cassettes; dialyze, stirring, at 4 °C for 3 hr. Note: partial loading of cassettes is acceptable. Dialyzing increases protein production yield. 47. During the previous step, characterize extract protein concentration with a Bradford assay, using extract saved in step 1.44. See Supplemental Material 2 for details. 48. After dialysis is complete, aliquot extract by 1.5 ml in 1.75 ml micro-centrifuge tubes. Centrifuge at 12,000 g for 10 min at 4 °C. A pellet will form at the bottom of the tube. 49. Consolidate clear supernatant from previous step by pipetting into a 15 ml Falcon tube on ice. Homogenize by inverting 5-10x. 50. Based on concentration determined by Bradford in step 1.47, determine amount of extract to aliquot into individual 1.75 ml tubes. 
Amino Acid Solution Preparation
Amino Acid Solution should be prepared in bulk. The following recipe utilizes one full kit of RTS Amino Acid Sampler, supplying enough for approximately 11,000 single reactions. If scaling down, it is recommended to use no less than half a kit. Each amino acid in the stock is supplied at 1.5 ml, 168 mM, except for leucine at 140 mM. The final composition of Amino Acid Solution is: leucine, 5 mM, all other amino acids, 6 mM. This is 4x working concentration.
1. Remove all 20 amino acids from -20 °C and thaw at room temperature. Once thawed, vortex until amino acids dissolve, incubating at 37 °C if necessary. After amino acids are dissolved, put all amino acids on ice except for Asn, Phe, and Cys, which are kept at room temperature. Cys may not fully dissolve. 2. On ice, add 12 ml of sterile water to a sterile 50 ml Falcon tube. 3. Add 1.5 ml of each amino acid in the following order, taking care to vortex the Falcon tube after each addition and to keep the solution on ice: Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, Lys, Met, Phe, Pro, Ser, Thr, Val, Trp, Tyr, Leu, Cys. Cys can be added as a suspension. After addition, vortex until solution is relatively clear, incubating at 37 °C if necessary. Cys may not fully dissolve. 4. Aliquot Amino Acid Solution into 50 tubes at 26 μl each on ice. Aliquot the rest at 500 μl per tube on ice. The 26 μl aliquots will be used for calibrating extract, while the 500 μl aliquots will be used for preparing buffer. While aliquoting, vortex the main stock frequently to avoid unequal distribution of suspension. 5. Flash freeze aliquots in liquid nitrogen and store at -80 °C. Safety: Wear protective eyewear; the caps of extract tubes may come off due to the temperature difference between liquid nitrogen and room temperature. 6. Optional: Conduct an activity assay of newly-made Amino Acid Solution against previously made Amino Acid Solutions.
Energy Solution Preparation
Energy Solution is used both for calibrating crude cell extract and for creating buffer, and should be prepared in bulk. The following recipe supplies enough for approximately 10000 single reactions. If scaling down, it is recommended to use no less than 1/24 of values given here. As the Energy Solution is a significant monetary cost, first time users may want to prepare at 1/24 scale. The final composition of Energy Solution is: HEPES pH 8 700 mM, ATP 21 mM, GTP 21 mM, CTP 12.6 mM, UTP 12.6 mM, tRNA 2.8 mg/ml, CoA 3.64 mM, NAD 4.62 mM, cAMP 10.5 mM, folinic Acid 0.95 mM, Spermidine 14 mM, 3-PGA 420 mM. This is 14x working concentration. If desired, each individual item in Table 4 can be stored at -80 °C for later use. Table 4 from -80 °C, -20 °C, or 4 °C to room temperature for 30 min. 2. Prepare stock solutions as described in Table 4 . See Supplemental Material 1 for recipes. Place all solutions on ice after preparation. 3. In a 15 ml Falcon tube, add in the following order, taking care to vortex the Falcon tube after each addition and to keep the solutions on ice:
Remove all chemicals in
3.6 ml 2 M HEPES, 144 μl water, 1.39 ml nucleotide mix, 576 μl 50 mg/ml tRNA, 576 μl 65 mM CoA, 276 μl 175 mM NAD, 170 μl 650 mM cAMP, 288 μl 33.9 mM Folinic acid, 144 μl 1 M spermidine, and 3.09 ml 1.4 M 3-PGA. 4. Aliquot Energy Solution into 50 tubes at 7 μl each on ice. Aliquot the rest at 150 μl per tube on ice. The 7 μl aliquots will be used for calibrating extract, while the 150 μl aliquots will be used for preparing buffer. While aliquoting, vortex the main stock frequently. 5. Flash freeze aliquots in liquid nitrogen and store at -80 °C. Safety: Wear protective eyewear; the caps of extract tubes may come off due to the temperature difference between liquid nitrogen and room temperature. 6. Optional: Conduct an activity assay of newly made Energy Solution against previously made Energy Solutions.
Buffer Preparation
Buffer Preparation requires the completion of Crude Cell Extract Preparation, Amino Acid Solution Preparation, and Energy Solution Preparation. Each buffer is unique to a batch of crude cell extract. Mg-glutamate, K-glutamate, and DTT (in that order) are optimized in this section to produce reactions with maximum levels of expression. The following protocol utilizes a pre-written template, TXTL_e(template)_calibration_JoVE.xlsx (Supplemental Material 3), to calibrate pre-prepared crude cell extract and prepare buffer. However, one can also calibrate crude cell extract and prepare buffer without the template by optimizing Mg-glutamate, K-glutamate, and DTT manually and setting up buffer such that along with extract, it is 75% of a total reaction volume. If calibrating manually, final reaction conditions can be found in step 5. . Use values found in calibration under "Buffer composition" to determine the composition of buffer to be prepared. Based on the amount of crude cell extract produced, a master mix recipe is produced for a set amount of buffers. 11. Thaw aliquots as listed in master mix recipe on ice. Once thawed, prepare master mix, keeping on ice and vortexing after the addition of each item. 12. Aliquot by amount stated under "Buffer composition." Flash-freeze buffer tubes in liquid nitrogen. While aliquoting, vortex the main stock frequently. 13. Remove tubes from liquid nitrogen using a strainer and immediately store at -80 °C. Safety: Wear protective eyewear; the caps of extract tubes may come off due to the temperature difference between liquid nitrogen and room temperature.
Experimental Execution of a TX-TL Reaction
Final reaction conditions are: 8.9-9.9 mg/ml protein (from crude extract), 4.5 mM-10.5 mM Mg-glutamate, 40-160 mM K-glutamate, 0.33-3.33 mM DTT, 1.5 mM each amino acid except leucine, 1.25 mM leucine, 50 mM HEPES, 1.5 mM ATP and GTP, 0.9 mM CTP and UTP, 0.2 mg/ml tRNA, 0.26 mM CoA, 0.33 mM NAD, 0.75 mM cAMP, 0.068 mM folinic acid, 1 mM spermidine, 30 mM 3-PGA, 2% PEG-8000. A basic TX-TL reaction has 3 parts (tubes): crude cell extract, buffer, and DNA. The ratio is: 75% buffer and extract, 25% DNA. Reactions can vary in volume, and we use 10 μl by convention to minimize reaction volume and enable running in a 384-well plate. Larger volumes require agitation for proper oxygenation. The following protocol utilizes a pre-written template, TXTL_JoVE.xlsx (Supplemental Material 4), to conduct a 10 μl reaction. Items in purple indicate user-input values, and items in blue indicate additional reagents to add to the reaction. However, one can also conduct a reaction without the template by following reaction conditions outlined above.
1. Complete the "General Data" form.
2. Under "Master Mix Preparation," insert the extract percentage value from step 4.1 into the purple box.
3. Design your experiment in silico using the "Master Mix Preparation" (rows 10-17) and "DNA Preparation" (rows 19-50) sections. Generally, constants can be put into the "Master Mix Preparation" section, while variables can be put into the "DNA Preparation" section. Minimize samples per experiment to avoid sample evaporation and experimental start time bias. See Figure 6 for a sample setup. 4. Under "Master Mix Preparation," add reagents such as inducers or proteins, which will go in all samples at a constant concentration. Starting with row 14, fill out the blue shaded areas, keeping one reagent to each line. Units are relative ratios. 5. Under "DNA Preparation," add DNA which will be sample specific. Sample IDs #1 and #2 correspond to positive and negative controls, respectively. Sample IDs #3 and above are user-modifiable for DNA, stock concentration in ng/μl, length in base pairs, desired final concentration in nM, and repeats (of 10 μl reactions). The amount of stock DNA to reach desired final concentration is automatically calculated. The total across the row sums to 10.5*n, where n is the number of repeats. Note: Although the final reaction volume is 10 μl, the calculations assume a total volume of 10.5 μl per reaction, to account for volume lost during pipetting. 6. Under "DNA Preparation," add reagents or additional DNA which will be sample specific to blue columns. Stock DNA concentrations in nM can be calculated under "DNA Preparation," while sample specific reagents require manual calculation based on a total reaction volume of 10.5*n. The entered volumes are subtracted out of the water volume of the same row. 7. Remove needed number of tubes of buffer, crude cell extract, and positive control under "Tubes to thaw," from -20 °C or -80 °C and thaw on ice. 8. Prepare DNA samples. For each sample ID, aliquot out the indicated DNA, water, and user-supplied items per the "DNA Preparation" section into a micro-centrifuge tube, at room temperature. Note: to avoid sample loss, recently calibrated pipets and low-stick pipette tips and microcentrifuge tubes are recommended. 9. When tubes from step 5.7 are thawed, prepare the master mix consisting of buffer, extract, and any global user-supplied items based on the orange-shaded boxes, keeping on ice and vortexing after the addition of each item. Note: Extract is extremely viscous. Aliquots with bubbles can be removed by centrifuging at 10,000 x g for 30 sec at 4 °C. 10. Add the amount of master mix indicated in the orange cells under "DNA Preparation" (column O) to each DNA sample, and keep at room temperature. Treat this as the reaction start time. 11. Vortex each sample, and centrifuge at 10,000 x g for 30 sec at room temperature to bring down any residual sample and to reduce bubbles. 12. If conducting reaction in micro-centrifuge tubes, incubate directly at 29 °C. Otherwise, pipette 10 μl of sample into a 384-well plate. Note:
Reactions in volumes greater than 10 μl may require agitation for oxygenation. 13. Centrifuge plate at 4,000 x g for 30 sec at room temperature to bring down any residual sample and to reduce bubbles. Seal plate afterwards to prevent evaporation. 14. Run reaction at 29 °C. Note: Runtimes vary depending on experiment but typically last under 8 hr. Empty 50 ml Falcon (g) 50 ml Falcon with pellet (g)
Pellet mass (50 ml Falcon with pellet -empty 50 ml Falcon) (g) S30A buffer volume to add (pellet mass* 0.9) (ml)
Total mass of beads to add (pellet mass * 5.0) (g) 
Discussion
The endogenous Escherichia coli based TX-TL cell-free expression system described here is an easy-to-run three tube reaction that can take less than eight hours from set up to data collection. The process of creating all reagents requires five days' time total (with significant labor requirements on only one day), but produces crude extract for 3,000 reactions and buffer-making reagents for 10,000 reactions (Figure 1) . Furthermore, crude extract and buffer-making reagents are stable for at least 1 year at -80 °C, allowing for multiple uses of one preparation. 4 At $0.11 per 10 μl reaction ($0.26 including labor), costs are 98% lower than comparable commercial systems (Figure 2 ).
There are some unresolved limitations, however, to the system. The end efficiency of each crude cell extract preparation can vary based on user proficiency and on environmental conditions, although typical yield variation is between 5-10% (Figure 4b) . As a result, batch-to-batch variability in both end-point expression and in expression dynamics are to be expected. These variations will likely remain until extract is fully characterized or until extract creation is fully automated. If the cell-free expression system is used to conduct sensitive quantitative experiments, it is advisable to run all experiments with the same batch of crude cell extract. The yield from a single crude cell extract batch, about 3000 reactions, should be sufficient for typical experimental courses. Although we suspect variation can be removed by scaling up and automating the procedure, such attempts would involve a substantial resource investment.
Additionally, although end-point expression levels are reasonably easy to determine, more work needs to be done in understanding dynamics intrinsic to the cell-free system. It is known that both resource competition and resource limitation can affect expression dynamics. For example, limited endogenous sigma 70 can result in a saturating regime with increased DNA template producing an expression profile analogous to that of nucleotide or amino acid depletion. 9, 27 However, dynamics do not have to be fully understood to utilize the system. For pure increases of yield, optimization can be done by machine-learning approaches. 28 Questions of resource competition and limitation can be addressed by mathematical models verified using experimental data.
The protocol presented here is optimized for a BL21-Rosetta2 strain, but is generalizable to other E. coli strains. Modifications in BL21-Rosetta2, such as the removal of the gene encoding lon protease and the addition of genes encoding rare tRNAs, allow for maximal protein production. We have attempted the protocol with two other extract strains -BL21 only and a BL21 trxA knockout -and found 50% less protein yield. We hypothesize that yields similarly decrease when using other strains. Other changes in parameters, such as switching 2xYT growth medium for LB and other rich broths, have resulted in decreased protein yield.
one can envision producing complex biomolecules in a user-controllable setting using a mix of native E. coli promoters and exogenously supplied transcription and regulation mechanisms. Without limitations of cell division and metabolism, variability in synthetic circuits such as the repressilator or in metabolic engineered pathways such as those producing artemisinin can be reduced or better understood. 30, 31 We have used these advantages to implement genetic switches, as well as to understand sigma factor sequestration. 9, 32 Such technology can also form the backbone of "minimal" or "artificial" cells -small, well-characterized and self-sufficient embodied units of extract. 33, 34 Ultimately, we anticipate immediate uses of this endogenous cell-free expression system as a prototyping environment for synthetic biology.
Nicknamed the "TX-TL biomolecular breadboard," the cell-free expression system provides a controllable environment where synthetic circuits ultimately destined for in vivo expression can undergo rounds of prototyping -cycles of testing on basic plasmid, linear, or chemically synthetized DNA, followed by analysis and rapid modification. Prototyping rounds can be aided by predictive mathematical models currently being developed. By removing cloning and in vivo manipulation for non-final circuits, we anticipate engineering cycle times to be reduced to 1-3 days instead of the current weeks' standard.
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